We have performed computer calculations to explore effects of the p/i interface on the opencircuit voltage in a-Si:H based pin solar cells. The principal conclusions are that interface limitation can occur for values of V OC significantly below the built-in potential V BI of a cell, and that the effects can be understood in terms of thermionic emission of electrons from the intrinsic layer into the p-layer. We compare measurements of V OC and electroabsorption estimates of V BI with the model calculations. We conclude that p/i interface limitation is important for current a-Si:H based cells, and that the conduction band offset between the p and i layers is as important as the built-in potential for future improvements to V OC .
INTRODUCTION
The open-circuit voltage V oc of amorphous silicon (a-Si:H) based pin solar cells remains the most ill-understood of its device parameters. This lack of insight is remarkable, since the experimental behavior of V OC is generally quite simple. V OC depends little upon the defect density or thickness of the intrinsic layer, and eV OC is roughly shifted down from the optical bandgap of this layer by about 0.8-0.9 eV. Furthermore, the value of V OC is mostly controlled by the fairly simple physics of the splitting of quasi-Fermi-levels in the intrinsic layer. Nonetheless, even the simplest question about it, which is whether V oc is reduced by non-ideal p/i or n/i interfaces, is not conclusively answered. Of course, this unsatisfactory state of affairs does leave open the tantalizing possibility of significant improvements in V OC -if only device-makers could be pointed in a better direction.
In this paper, we first review the interrelation of the open-circuit voltage and quasi-Fermi levels in the device physics of a-Si:H based pin solar cells. In cells with ideal p and n layers, V OC reaches its "intrinsic limit," which may be equated to the splitting of the electron and hole quasiFermi levels in bulk intrinsic material. In principle V OC measurements can become a very interesting alternative to photoconductivity measurements in intrinsic films. We next discuss the hypothesis that V OC achieves this intrinsic limit for optimized a-Si:H cells, and we conclude that this hypothesis is most likely incorrect. First, open-circuit voltages do not exhibit the dependence upon defect density which is known to apply to quasi-Fermi levels for thin films of intrinsic aSi:H. Second, we present electroabsorption measurements of the built-in potential in a-Si:H based solar cells which yield rather small values for V bi (in the range 1.05 -1.25 V). The built-in potential is generally recognized as the ultimate limit to V OC in any solar cell. We present computer calculations which strongly suggest that the measured values are small enough to be reducing V OC for the a-Si:H cells.
One unexpected result from the modeling work is that interface limitation can be significant even when V OC is "significantly" (0.5 V) below the built-in potential. We present a computer simulation study of the mechanism by which non-ideal doped layers suppress V OC , and we propose a "thermionic emission of minority carriers" model to explain the effect. The model shows that the conduction band offset between the p and i layers is as significant in determining V OC and other cell properties as is the built-in potential V BI .
V OC AND QUASI-FERMI LEVELS
In Figure 1 we illustrate profiles for several important levels in an amorphous-silicon based pin solar cell under open-circuit conditions. The profiles are calculated using a computer program (AMPS PC-1D [1] ) and parameters we describe in more detail subsequently. The upper panel is calculated under thermal equilibrium conditions (the dark), and shows the conduction and valence bandedges E C and E V , respectively, as well as the Fermi level E F . The lower panel is calculated under illuminated conditions, and shows E C , E V , and the electron and hole quasi-Fermi levels E Fe and E Fh , respectively. By way of introduction, we now explain the equation between the measured open-circuit voltage under illumination and the separation of quasi-Fermi-levels. This well-known "theorem" proves to be a powerful tool in understanding open-circuit voltages in many solar cells which can be very well illustrated using computer calculations.
We briefly review the definitions of these levels. For an amorphous semiconductor, E C is usually identified with a mobility-edge dividing extended electron states (at higher level energies) from localized bandtail states (at lower level energies). Electrons occupying extended states are assumed to be mobile, and are characterized by an electron "band mobility" µ e . Electrons occupying the localized states are immobile (or trapped). This relatively simple model, in conjunction with the assumption that the bandtail states have an exponential distribution, accounts well for direct drift-mobility measurements for both electrons and holes. The electron quasiFermi level E Fe is actually just a bookkeeping device for keeping track of the density of mobile electrons n under illumination [2, 3] . Under thermal equilibrium (dark) conditions, we would calculate n from the expression
, where N C is an "effective density-of-states" for the extended, conduction band states and E F is the Fermienergy. Under illumination, we define E Fe implicitly from the definition:
. Similar definitions apply to holes and the valence band. Returning to Figure 1 , in the upper panel note the constancy of E F (indicating that the different layers are in thermal equilibrium), and also note the decline in E C across the cell. Spatial variation in E C indicates that there is a "built-in" electric field driving electrons from left to right. The built-in field arises because electrons have been transferred from the n layer to the p layer in order to establish thermal equilibrium between the n and p layers, which have different Fermi energies relative to vacuum. The built-in potential V BI is about 1.6 V for this calculation.
Under illumination, strongly non-equilibrium conditions are created. The middle portion of the cell becomes nearly free of electric field, and may be viewed as a slice of "bulk" intrinsic material. The zero of the vertical scale was set by the electron quasi-Fermi level E F in the n-layer. E Fe is essentially constant in the n-type and intrinsic layers. In the p-layer, there is a return to thermal-equilibrium conditions as indicated by the convergence of E Fe and E Fh . This effect arises from the much larger recombination rate of electrons in the p-layer vis a vis the intrinsic layer; there are far more holes trapped near E Fh in the p-layer than in the intrinsic layer. A corresponding argument applies in the n-layer.
The open-circuit voltage V OC is measured across the terminals of the cell; the computer calculation yields 0.99 V. V OC may be equated to the difference in Fermi levels between the left and right termals of the cell:
(
As can be seen from the figure, eV OC is simply the difference between E Fh (0) and E Fe (0.55).
IS V OC DETERMINED SOLELY BY INTRINSIC-LAYER PROPERTIES?
For the parameter set used for Figure 1 , interface effects are unimportant: quasi-Fermi levels are essentially constant throughout the cell, and there is a "field-free" zone in the middle of the cell. We conclude that, for these conditions, V OC may be equated to the separation between the electron and hole quasi-Fermi levels E fe and E Fh for intrinsic films of a-Si:H:
where e is the electronic charge [4] . We now attempt to establish whether this simplest case, that open-circuit voltages are determined simply by the photoconductivity of the intrinsic-layer material, applies in optimized a-Si:H solar cells.
V OC isn't correlated with defect densities
It appears well accepted by device-makers that there is little correlation between V oc and the density of deep levels N D (usually presumed to be dangling bonds) in a-Si:H. One paper shows that the defect density in intrinsic films could be increased nearly thirtyfold by light-soaking, while V OC diminished by about 0.03 V [5] .
The expected decrease in V OC as the defect density changes may be calculated from the changes in the quasi-Fermi-levels for electrons and holes. The corresponding decline in the photoconductivity of a-Si:H films is roughly proportional to the reciprocal density [6] . Since the photoconductivity is electron-dominated, one may estimate the decline in the electron quasiFermi level ∆E Fe simply:
One obtains an expected decline of V OC of about 0.09 eV due to this effect, which is substantially larger than the observed decline. A smaller effect which further reduces V OC is due to changes in the hole quasi-Fermi-level E Fh as the defect density rises. It is clear that the myriad of photoconductivity measurements on a-Si:H have at best an uncertain relationship to V OC . The alternative is that V OC is determined by photoconductivity effects in the interface regions. Indeed the present argument favoring interface effects would be conclusive if defect density changes as large as those in films were observed in pin cells, but effects this large have not (to our knowledge) been reported.
Crossover from intrinsic to interface limitation of V OC is not abrupt
The simplest perspective on interface limitation of V OC is the following. It is reasonable that V OC cannot exceed V BI ; inspection of Figure 1 shows that V OC is reduced from V BI by electrostatic barriers at each interface. One might therefore guess that, for low photogeneration rates G, V OC should be dominated by intrinsiclayer quasi-Fermi-levels; for higher photogeneration rates there will be a crossover to the value V OC ≈ V BI .
This perspective is profoundly misleading, as we now illustrate. Crossover from intrinsic-layer to interface limitation of V OC occurs over many orders of magnitude of G, and can set in when V OC is much below V BI .
In Figure 2 we present calculations of V oc for varying (uniform) photogeneration rates. We chose band and bandtail parameters based on a variety of fundamental measurements; the details are presented in the Appendix. For these calculations, intrinsic layer defects were not incorporated, since V OC is not much affected by them. The uppermost, solid bold line is the result of an analytical calculation developed by Tiedje some years , by which we mean the upper limit determined only by the photoconductivity of the intrinsic layer itself.
For the AMPS calculations, the n-layer Fermi energy was set 0.1 eV below the conduction band, and had the same bandedges as the intrinsic-layer. We expect these parameters to adequately model a-Si:H:P n-layers. The p-layer bandgap was set to 1.96 eV, with symmetrical 0.08 eV offsets between the p-layer and intrinsic-layer bandedges. These parameters nominally describe a-SiC p-layers. The p-layer Fermi energy was adjusted to yield the several values of the built-in potential shown in the figure. The points calculated for V bi =1.52 V approach the results of the analytical calculation for V OC based on intrinsic layer properties alone. The consistency between the analytical and computer calculation is noteworthy.
Built-in potentials are small enough to affect V OC
The points for V bi = 1.32 V fall away significantly from the intrinsic-layer limit due to interface limitation by the p/i interface. We note two aspects of this behavior. First, interface limitation is important even when V OC is substantially (0.4 V) less than V bi . Second, the powerlaw, functional form of the dependence of V oc upon G gives little indication that V OC has been reduced by the interface. The crossover from intrinsic limitation (at low G) to interface limitation (at high G, as V OC begins to approach V BI ): the interface causes an extremely soft effect on V OC which is stretched over many decades of generation rate.
Does the p-layer reduce V OC in optimized a-Si:H devices? To our knowledge, the best elaborated experimental estimates of V bi in a-Si:H based pin solar cells are based on the small, electroabsorption effect [8] . In practice, one measures the modulated transmittance S due to sinusoidal modulation δE of the electric field across the cell. This signal depends linearly upon the constant, DC voltage V across the cell:
Note that there is an offset voltage V 0 . Under ideal conditions, V 0 determines the "built-in" potential. In Figure 3 we present a summary of the results for V 0 as a function of the wavelength for a series of pin cells incorporating a-SiGe intrinsic layers with varying intrinsic-layer thicknesses and bandgaps; the cells were prepared at United Solar Systems Corp.. The doped layers were deposited under Photon Energy (eV) the same conditions for all of these cells. The n-layer was a-Si:H:P; the p-layer was microcrystalline Si:B [9] . A full interpretation of these measurements is more complicated than the simplified description above implies, and will not be given here. For these cells the optical measurements were actually reflectance, not transmittance. For smaller optical energies incident illumination travels through the cell and is reflected at the back surface; the measured reflection modulation is dominated by the back-surface reflected beam. As can be seen in the figure, several cells yield V 0 ≈ 1.15 V in this regime. For shorter wavelengths the incident beam is too strongly absorbed to reach the back surface, and the measured signal is essentially true electroreflectance. We have not yet found a convincing explanation for the value V 0 ≈ 2.0. From these data and our prior work, we conclude that 1.05 < V BI < 1.25 for the range of cells we have studied, including our work with both microcrystalline Si and amorphous SiC p-layers.
In conjunction with the simulation results in Figure 2 , this range of values for V BI is plainly small enough to suggest that V OC is probably reduced by the p/i interface in working cells. In the next section we present a discussion of the device physics which underlies this effect.
DEVICE PHYSICS OF THE p/i INTERFACE
In Figure 4 we present open-circuit profiles for an AMPS calculation with the parameters of Non-constant profiles for E Fh imply the existence of a corresponding hole current, in this case flowing from the intrinsic layer into the p-layer. We show the corresponding electron and hole current profiles in the figure also; since there is no net electrical current flowing under opencircuit conditions, the electron and hole currents cancel exactly. The fact that the electron current flows without an appreciable gradient in E Fe reflects the facts that E Fe is closer to its band than E Fh , as well as the larger band mobility chosen for electrons.
These currents reflect the transport of electrons and holes which are photogenerated in the intrinsic layer into the p-layer, where they recombine quite close to the interface. Indeed the recombination current at the interface is readily computed from the sharp drop in J e and J h .at the interface. We were initially surprised by the existence of the electron current. As illustrated in the figure, there is a sizable electrostatic barrier W which impedes electron current into the player.
These currents may be understood in terms of thermionic emission of electrons over the barrier W. In Figure 5 we show the logarithm of the recombination current as a function of the barrier height W. Currents associated with a given symbol were calculated by varying W using only the conduction band offset at the p/i interface Different symbols correspond to different photogeneration rates; these change W by changing the electron quasi-Fermi level E Fe in the intrinsic layer.
For a specific illumination, J R is activated for larger barrier heights; the decline illustrated in the figure is consistent with ( )
. For smaller barrier heights, J R is limited by the total photogeneration within a certain range from the p/i interface; we speculate that this range is the ambipolar diffusion length.
In Figure 6 we present the dependence of V OC upon photogeneration rate G for the same calculations used for Figure 5 . We varied the band offsets [10] .
What is plainly required to advance open-circuit voltage physics is a satisfactory model for V OC based on interface physics. We have developed a fairly satisfactory account for the computer calculations of p/i interface effects in terms of electron thermionic emission from the intrinsic layer into the p-layer which we believe can form the basis of an improved model. Nonetheless, we cannot claim at present to have a satisfactory understanding of V OC . For example, the measured slopes of the logarithmic, V OC vs. photogeneration rate in cells are steeper than the results of the computer calculation. We are, reluctantly, considering the possibility of more complex models for the p/i interface than the simple "heterostructure" model treated here. As one example, Branz and Crandall [11] have discussed thermodynamic defect generation at the n/i and p/i interfaces. [14] found that this value applies from essentially the moment of photogeneration throughout the picosecond domain. Larger values can be excluded both from this work and work by Juska, et al. [15] . Bandtail width EA0 0.022 Wang, et al. [16] . Bandtail prefactor cf. Jackson, et al. [13] ; see note for NC. Jackson, et al. [13] . See note for NV. Juska, et al. [19] have inferred this parameter from subnanosecond recombination experiments. A slightly larger value was reported by Stradins, et al. [20] . These values are much smaller than expected from a fundamental argument due to Langevin; no one seems to understand the reason for such small values (see Schiff, 1995) .
A note about capture cross-sections
It is conventional, and regrettable, that capture rates of photocarriers into localized states are described using cross sections. Rates for capture of a photocarrier are usually written in the form R = bN ,where N is the density of some type of level which captures photocarriers, R is the capture rate (in s ) and v th is a "thermal velocity." This last expression is a legacy from atomic scattering, and is probably meaningless in amorphous silicon. By convention we simply take v th = 10
